The paper identifies various conceptualisations of green growth with a view to identify the causal mechanisms that can support a green growth policy agenda to investigate the implications of these conceptualisations for measuring progress towards green growth, to identify possible trade-offs and integrate measures, and to explore the governance challenges that a green growth agenda is likely to pose against the background that many environmental problems have a bearing on multiple levels of governance.
Introduction
The purpose of this paper is to shed some light on the notion of green growth, its two conceptual components ('green' and 'growth') and possible interrelationships between both. In doing so, the paper seeks to explore the implications of possible (and plausible) ways to understand green growth for research, measurement and, ultimately, governance and policy making. The exercise is motivated by the view that, despite having become a widely accepted paradigm among scholars and policy makers, the popularity of green growth was long considered to contrast with a lack of analytical breadth and depth, as neither the theoretical nor empirical foundations of green growth had been sufficiently analysed [1] . While a host of publications on the subject has helped to close this gap in the aftermath of Schmalensee's verdict-Google scholar counts almost 15,000 hits for the search term 'green growth' after 2012 (figure retrieved on 23 June 2016)-there remains, or so it will be argued, a number of issues, which need further investigation.
According to the OECD (Organisation for Economic Co-operation and Development), 'Green growth is about fostering economic growth and development while ensuring that natural assets continue to provide the resources and environmental services on which our well-being relies. To do this it must catalyse investment and innovation which will underpin sustained growth and give rise to new economic opportunities' [2] . In a similar vein, the World Bank proposes that 'Green growth is about making growth resource-efficient, cleaner and more resilient without slowing it' [3] [4] [5] . Finally, 'Green economy aims for improved human well-being and social equity, while significantly reducing environmental risks and ecological scarcities' [3, 6] .
There are thus reasons to suggest that the notion of green growth reflects above all two concerns: first, the recognition that economic activity has detrimental effects on the environment, which need to be addressed as an integral part of economic policy and, second, the presumption that economic growth continues to be a conditio sine qua non not only for developing countries but also for the developed world. Based on these beliefs, it is argued that economic growth and ecological sustainability can be reconciled [7, 8] . Thus, in contrast to the notions of zero or even degrowth, which are strongly influenced by concerns about the 'limits to growth' [9] , 'green growth has emerged from the more mainstream and pragmatic community of environmental economic policymakers' [10] for whom there is no fundamental conflict between green and growth.
In what follows, it is suggested that a useful way of categorising the green component is based on its comprehensiveness and geographical scope. Thus, a greener growth approach would be more comprehensive and geographically larger in the sense that it includes more environmental objectives at a larger scale and therefore possibly imposes more far-reaching constraints on, or at least challenges for, growth (Figure 1 ). Figure 1 is supposed to capture the idea that although greenness can and should be understood in terms of its comprehensiveness, there are nevertheless some trade-offs between each sphere. A case in point would be the shift from fossil fuels to biofuels, which may ease the pressure on resource use while putting at risk biodiversity. In addition, it is also proposed (although this is clearly a normative claim) that more comprehensive approaches to green growth should contain less comprehensive approaches as subsets, thereby minimizing trade-offs between objectives and conflicts between instruments. Of course, this involves categorising environmental objectives in that way will not by itself get rid of real conflicts, but it may help to draw attention to such conflicts by putting them on the mental maps of policy makers and analysts. at a larger scale and therefore possibly imposes more far-reaching constraints on, or at least challenges for, growth ( Figure 1 ). Figure 1 is supposed to capture the idea that although greenness can and should be understood in terms of its comprehensiveness, there are nevertheless some trade-offs between each sphere. A case in point would be the shift from fossil fuels to biofuels, which may ease the pressure on resource use while putting at risk biodiversity. In addition, it is also proposed (although this is clearly a normative claim) that more comprehensive approaches to green growth should contain less comprehensive approaches as subsets, thereby minimizing trade-offs between objectives and conflicts between instruments. Of course, this involves categorising environmental objectives in that way will not by itself get rid of real conflicts, but it may help to draw attention to such conflicts by putting them on the mental maps of policy makers and analysts. Based on the idea sketched out above, greenness can therefore be understood as belonging to one out of three spheres of increasing comprehensiveness and scope. The first sphere comprises (the reduction of) rather traditional types of pollutants. Apart from immediately toxic substances, pollutants belonging to this sphere can be endocrine disruptors, i.e., chemicals that, at certain doses, can interfere with endocrine (or hormone) systems causing cancerous tumours, birth defects, and other developmental disorders in both humans and animal, or they can be carcinogenic substances, i.e., substances that have the ability or tendency to produce cancer. In addition, emissions that cause the acidification of water bodies or promote the creation of low level ozone may be included here. In a nutshell, Sphere 1 embraces what has been regarded for many years as the mainstay of environmental policies; cutting or at least keeping within safe limits emissions to air, water, and soil that are harmful to humans or their immediate natural environment.
Starting from the second sphere, the focus moves beyond reducing toxic emissions of various kinds (which can also be interpreted as using nature as a sink) to seeing the environment as a (more wide-ranging) resource that is either finite but renewable over time or finite altogether and whose exploitation often implies physical flows from natural systems to the economic system. Concomitantly, the availability of natural resources in physical and economic terms becomes an issue. For instance, economists and geologists have debated for quite some time if and when oil production is going to peak and which consequences, if any, peak oil may have [19, 20] . More recently, similar concerns have been voiced about coal and natural gas, even though their peaks may come later [21, 22] . Whatever the conclusions of this debate may be, a green growth agenda must be cognisant of limits to resource availability [11] raising as they do issues about the optimal use of finite stocks of resources over time [23] or about the use of renewable resources in such a way as to maintain the resource and its reproductive potential intact. To the extent that such resources can be accessed freely, their (sustainable) use raises specific problems of its own and has been analysed as a problem of the commons [24, 25] . Based on the idea sketched out above, greenness can therefore be understood as belonging to one out of three spheres of increasing comprehensiveness and scope. The first sphere comprises (the reduction of) rather traditional types of pollutants. Apart from immediately toxic substances, pollutants belonging to this sphere can be endocrine disruptors, i.e., chemicals that, at certain doses, can interfere with endocrine (or hormone) systems causing cancerous tumours, birth defects, and other developmental disorders in both humans and animal, or they can be carcinogenic substances, i.e., substances that have the ability or tendency to produce cancer. In addition, emissions that cause the acidification of water bodies or promote the creation of low level ozone may be included here. In a nutshell, Sphere 1 embraces what has been regarded for many years as the mainstay of environmental policies; cutting or at least keeping within safe limits emissions to air, water, and soil that are harmful to humans or their immediate natural environment.
Starting from the second sphere, the focus moves beyond reducing toxic emissions of various kinds (which can also be interpreted as using nature as a sink) to seeing the environment as a (more wide-ranging) resource that is either finite but renewable over time or finite altogether and whose exploitation often implies physical flows from natural systems to the economic system. Concomitantly, the availability of natural resources in physical and economic terms becomes an issue. For instance, economists and geologists have debated for quite some time if and when oil production is going to peak and which consequences, if any, peak oil may have [19, 20] . More recently, similar concerns have been voiced about coal and natural gas, even though their peaks may come later [21, 22] . Whatever the conclusions of this debate may be, a green growth agenda must be cognisant of limits to resource availability [11] raising as they do issues about the optimal use of finite stocks of resources over time [23] or about the use of renewable resources in such a way as to maintain the resource and its reproductive potential intact. To the extent that such resources can be accessed freely, their (sustainable) use raises specific problems of its own and has been analysed as a problem of the commons [24, 25] .
The third sphere is meant to capture those areas where the environmental consequences of economic activity are global rather than predominantly local or regional and likely to hit planetary boundaries [26] [27] [28] . According to [26] , 'boundaries define the safe operating space for humanity with respect to the Earth system and are associated with the planet's biophysical subsystems or processes'. From this perspective, green growth implies that these boundaries be respected, even though they do not determine as such any 'limits to growth'. Rather they set ceilings to the total anthropogenic impact [29] and thus may have an indirect impact on growth once the ceilings are approached and mitigating measures have to be taken. Some of the boundaries identified by [26] can already be found in Spheres 1 and 2 (e.g., freshwater use or chemical pollution), although the geographical scale may be different, or they are closely linked and hence need similar approaches such as climate change and fossil-fuel-scarcity [19] . Others appear to be idiosyncratic to the third sphere (climate change, oceanic acidification, see [26] ). In fact, the crucial features of planetary boundaries are that they are to be met at a global scale and that their violation has global effects. Neither is necessarily the case for Spheres 1 and 2. At the same time, the rate of biodiversity loss, and thus one of the planetary boundaries identified by [26] , is likely to be affected to a significant degree by what is happening locally in terms of land-use or agricultural practices. It is also for this reason that it makes sense to think of Spheres 1 and 2 in terms of subsets of Sphere 3.
Before moving to the growth component of green growth, two preliminary observations can be made. First, the link between greenness and growth becomes more demanding as one moves from Sphere 1 to 2 and 3; what is sufficiently green in terms of Sphere 1 is not necessarily green in terms of 2 or even 3. While emissions to air, water, and soil have been reduced significantly in most industrialised countries despite continuous economic growth, the same cannot be said for Spheres 2 and 3.
Second, policy instruments differ within spheres but also across them. There are no one-size-fits-all policy instruments or sets of instruments for each sphere, even though, traditionally, the objectives of Sphere 1 (i.e., pollution control) have been achieved by regulations, whereas economic instruments such as green taxes or emission trading have been introduced more recently and predominantly for Spheres 2 and 3, albeit not yet to any significant degree at a global level.
What Is Growth?
Unlike the green component of green growth, there seems to be more clarity as to the content of the growth component [30] . Growth is (any) increase in measured GDP as conventionally understood, the-occasionally tacit-assumption being that GDP is a reasonable proxy for either the current generation's well-being or even intergenerational well-being [31, 32] . This is not to say that the longstanding critique of GDP [33] has been ignored or downplayed. In fact, UNEP (United Nations Environment Programme), for instance, advocates green growth while acknowledging that it has lost some of its appeal [6] in developing countries because the satisfaction of basic needs is not always sufficiently correlated with GDP per capita and in developed countries because the link between subjective measures of well-being and GDP are rather weak [34] . The point is that this criticism has led to calls for complementing (rather than abandoning) GDP by adding indicators that provide information about, say, the distribution of income or the satisfaction of specific needs, which are not captured by GDP. This being said, there are in principle three ways in which the growth component of green growth can be understood. See Figure 2 . 
GDP+
The first understanding will be referred to as GDP+ and arguably mirrors the current practice in international organisations and many countries. Accordingly, GDP as conventionally accounted is complemented by additional information, be it about the state of the environment and the use of resources or the distribution of income and wealth. Additional information of this kind serves to qualify the increases or decreases (growth or degrowth) in the assessment of GDP by pointing to effects that might otherwise be ignored. However, without at least partially aggregating the information and without making trade-offs explicit, it remains unclear how to assess a situation in which further growth goes hand in hand with the deterioration of (some of) the complementary indicators. Note, incidentally, that the OECD has refrained explicitly from developing such an aggregate indicator [16] .
Corrected GDP
The second understanding henceforth referred to as 'Corrected GDP' does not complement GDP but modifies the way it is understood and measured; for instance, the Index of Sustainable Economic Welfare (ISEW) and the Genuine Progress Indicator (GPI). This can be done using one of at least three, albeit interconnected, approaches. The first approach consists of adding to, or subtracting from, GDP appropriate values for otherwise unaccounted for negative and positive outputs using actual or shadow prices. The former, being tantamount to a cost, would reduce GDP (e.g., air pollution, which reduces the quality of life in a city), while the latter, being tantamount to additional production, would increase GDP (e.g., the aesthetic quality of a new and sustainably managed forest, which does not only produce timber but also has a recreational value people can enjoy without having to pay for it). Concomitantly, any change in the stocks of natural capital (depreciation or appreciation) implies a social loss or gain, which also needs to be accounted for [27] , even though such losses or gains may only affect NDP (Net Domestic Product = GDP-depreciation) An in-depth discussion of the notion of natural capital would go way beyond the scope of the present paper. Suffice it to note perhaps that natural capital itself is difficult to measure correctly if prices in the economy are distorted. This 'second-best-problem' [35] poses particular challenges for conceptualisations of green growth as suggested by [30] or [36] .
The second approach consists of correcting wrongly attributed outputs using again either actual or shadow prices. These are outputs that should (as least in part) be counted as inputs and thus diminish GDP. An example for the latter would be health care costs due to air pollution. While 
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The second approach consists of correcting wrongly attributed outputs using again either actual or shadow prices. These are outputs that should (as least in part) be counted as inputs and thus diminish GDP. An example for the latter would be health care costs due to air pollution. While in standard accounting terms, health care costs for pollution related diseases contribute to GDP, they do not increase welfare since they do not open up new consumption possibilities. Rather, the resources spent are used to prevent the (further) deterioration of sanitary conditions and therefore could have been spent for other purposes had the air pollution not occurred.
The third approach for correcting GDP would not be applied ex post (as the first two approaches) but ex ante by correcting prices so as to reflect correctly positive and negative externalities. Thus, paying the beemaster for the pollination services of his bees (a positive externality) ensures that all agricultural produce whose production requires pollination by bees is priced correctly, including honey, given that its production costs would be lower. In a similar vein, if oil companies were obliged to take out insurance against oil spills (a negative externality), then oil prices would (again) correctly reflect these costs.
Well-Being
To account for the growth component of green growth in terms of wellbeing (the term 'well-being' stands here for all approaches for measuring social progress and well-being that do not or not predominantly rely on GDP) is perhaps the most radical departure from the conventional understanding of green growth, all the more so as the nexus with economic activity is becoming even weaker. Well-being indicators are used to broadly illustrate people's general satisfaction with life or give a more nuanced picture of quality of life in relation to their jobs, family life, health conditions, and standards of living. Well-being measures can be both 'subjective' and 'objective'. Subjective measures are based on self-reporting by individuals, which make it possible to capture direct measures of high complexity such as life-satisfaction. Objective measures, on the other hand, attempt to capture these complex life-satisfaction variables by looking at indicatory variables such as leisure time, marital status, and disposable income.
Before discussing the nexus of green and growth, note that GDP+, Corrected GDP, and well-being are overlapping concepts. This is obvious for GDP+ and Corrected GDP, because the basis of the latter remains GDP, but it also holds for well-being and GDP+/Corrected GDP; GDP contributes to well-being because well-being is impossible without a material basis in the form of certain products and services. Nevertheless, even a corrected version of GDP will not capture all contributors to well-being.
Green or Growth?

The Link between Green and Growth: Concepts and Empirics
This section will take a closer look at the relationship between green and growth. The first point to be addressed here appears rather straightforward. Considering that at least two out of the three understandings of growth are likely to imply an expansion of economic activity, the aggregated environmental impact can evolve in three distinct ways. The first possibility, which would clearly be incompatible with any green growth agenda, entails that environmental impacts (continue to) increase along with economic activity. See the status quo line in Figure 3 . The next equally distinct possibility entails that environmental impacts continue to grow but at a slower pace. In line with the literature on sustainable development, this relationship could be called relative decoupling [37] . In the figure, graphs falling under this category can be found in the area that is shaded black, excluding of course the status quo as a limiting case. Finally, environmental impacts decline despite growing economic activity. This possibility is usually referred to as absolute decoupling. Graphs falling under this category are located in the area that is shaded green.
From this analysis, it follows that the status quo in terms of the environmental burden per unit of output is incompatible with any kind of green growth. Thus, the notion of green growth must at least entail a relative reduction of environmental effects. Moreover, if the green part is to be understood in terms of planetary boundaries, then given the extent to which these boundaries have already been reached or even violated, economic activity and environmental degradation have to be decoupled in absolute terms. This requirement implies that the rate of efficiency improvement needs to be higher than the sum of the rate of economic growth per capita and population growth. Thus, if economic growth per capita is denoted by y and population growth by n, then efficiency must grow at rate e > y c + n in order to ensure absolute decoupling [38, 39] . To take a numerical example, if output per capita grows at 2% while population grows at 1%, then efficiency must improve by more than 3% each year, and this must, of course, be the case for every kind of emission. To put these figures into perspective, note that, for instance, energy efficiency in the European Union (EU) has improved by 1.54% on average. Thus substantial increases in energy efficiency are necessary in order to meet political objectives.
Obviously, this analysis must be qualified if environmental degradation or climate change has negative effects on growth, thus adding a dynamic perspective to environmental policies or the lack thereof. For an in-depth discussion see [40] [41] [42] . Note moreover that, for an open economy, a distinction can be made between decoupling consumption and decoupling production. However, from a global perspective (or if the environmental impacts of imports and exports are properly accounted for), the two notions converge. Looking at decoupling empirically, [43] finds that in almost all sectors and by almost all pollutants the median EU country had at least some decoupling. However, considerable heterogeneity in its magnitude can be observed across countries, sectors, and pollutants. to be higher than the sum of the rate of economic growth per capita and population growth. Thus, if economic growth per capita is denoted by and population growth by , then efficiency must grow at rate in order to ensure absolute decoupling [38, 39] . To take a numerical example, if output per capita grows at 2% while population grows at 1%, then efficiency must improve by more than 3% each year, and this must, of cours,e be the case for every kind of emission. To put these figures into perspective, note that, for instance, energy efficiency in the European Union (EU) has improved by 1.54% on average. Thus substantial increases in energy efficiency are necessary in order to meet political objectives.
Obviously, this analysis must be qualified if environmental degradation or climate change has negative effects on growth, thus adding a dynamic perspective to environmental policies or the lack thereof. For an in-depth discussion see [40] [41] [42] . Note moreover that, for an open economy, a distinction can be made between decoupling consumption and decoupling production. However, from a global perspective (or if the environmental impacts of imports and exports are properly accounted for), the two notions converge. Looking at decoupling empirically, [43] finds that in almost all sectors and by almost all pollutants the median EU country had at least some decoupling. However, considerable heterogeneity in its magnitude can be observed across countries, sectors, and pollutants. 
Mechanisms for Green Growth: Causalities and Effects
How is growth supposed to help the environment? Copeland and Taylor distinguish between scale effects (more production leads to more pollution but at a decreasing rate), composition effects (growth leads to cleaner consumption patterns), and technological effects (the need for cleaner technologies induced by preferences giving higher weight to a clean environment) [44] . It is probably the latter effect that enjoys the most popularity among policy makers, as it is believed to be more effective than the first (as this may lead at most to relative decoupling) and less uncertain than the second mechanism. Still, the discussion of possible rebound effects below suggests that innovation is also Janus faced. While it may provide new technologies that are inherently more environmentally friendly than their predecessors (and which will be deployed more rapidly if the economy grows faster, thereby creating a composition effect for the capital stock as old factories or power plants are replaced by new ones), innovation is also the basis for new products and services, which as such do not only generate employment (which is clearly welcome) but also additional 
How is growth supposed to help the environment? Copeland and Taylor distinguish between scale effects (more production leads to more pollution but at a decreasing rate), composition effects (growth leads to cleaner consumption patterns), and technological effects (the need for cleaner technologies induced by preferences giving higher weight to a clean environment) [44] . It is probably the latter effect that enjoys the most popularity among policy makers, as it is believed to be more effective than the first (as this may lead at most to relative decoupling) and less uncertain than the second mechanism. Still, the discussion of possible rebound effects below suggests that innovation is also Janus faced. While it may provide new technologies that are inherently more environmentally friendly than their predecessors (and which will be deployed more rapidly if the economy grows faster, thereby creating a composition effect for the capital stock as old factories or power plants are replaced by new ones), innovation is also the basis for new products and services, which as such do not only generate employment (which is clearly welcome) but also additional demands for energy and resources (which is not as it threatens to undermine the beneficial environmental effects).
Except for the innovation effect, the scale and composition effects of growth do not require dedicated policies. They are essentially by-products of an expanding GDP, even though green taxes, for instance, can be used to engineer composition effects. Occasionally, it is argued that getting the price right via green taxes may also stimulate growth. However, it is not clear how that is supposed to function beyond a one-off increase in economic activity [36] . It is therefore not surprising that, in addition to R&D, green growth is more associated with dedicated and distinct macroeconomic or structural policies. For instance, policies geared towards emission reduction are expected to create jobs because:
1.
A Keynesian demand stimulus at times of recession would create jobs and invest in needed improvements to the energy infrastructure. 2.
The sponsorship of new green industries would offset job losses in older, 'brown' sectors. 3.
Savings from energy efficiency improvements could be recycled into consumption from higher-labour-intensity industries, generating net job gains even as the relative demand for labour in the energy sector fell [45] .
It goes beyond the scope of this paper to discuss these mechanisms in detail. Suffice it to point out, though, that each mechanism has its downsides. See [1, 11, 46] for an extensive discussion. For instance, Keynesian multiplier effects do not last forever, and their magnitude is uncertain. Moreover, while multiple externalities may per se call for multiple policy instruments, different instruments may also interact in a detrimental fashion; for instance, when instruments supporting renewables reduce cap-and-trade prices [46] . As to the substitution of brown by green jobs, there is no doubt that even in a recession, some sectors will continue to create jobs. However, unless new sectors are less productive or grow faster, positive net effects are unlikely to occur [47] . Last but not least, while energy savings translate into additional available income for consumers, they also imply lower revenues for exporters of, say, fossil fuels and other actors along the supply chain, which need to be factored in at the macroeconomic level.
Occasionally it is also argued that green growth would be more labour intensive and thereby create more jobs than brown growth. However, this argument needs to be taken with a grain of salt, in particular if green growth is to come from innovation. First of all, technological progress is generally assumed to be labour saving, but if this is the case, then why should green innovation be different, in particular if it is suggested that green growth rests to an important extent on higher value-added activities such as re-use or re-cycling [48] ? Alternatively, if one takes the view that labour and capital are not substitutes but change conjointly in qualitative terms (such that technologically more advanced types of capital also require higher qualified labour for its production and even its use), then it is even less obvious why the net effect should be positive.
Another argument for why green policies foster growth comes from the growth literature and was already alluded to above. Accordingly, if the quality of natural capital improves and therefore its productivity improves too (or if a cleaner environment enhances the productivity of man-made capital), then growth should accelerate in ways which are analogous to an increase in labour or capital productivity as such [49] .
Green Growth and Measurement Errors
The above statement has to be qualified in one very important respect. Depending on the notion of growth, green policies may also change what is measured in ways which allegedly run counter to what these policies aim at in the first place. To illustrate the point, consider a tax that aims at internalising a negative external effect by pricing that effect. Green taxes of this kind are frequently recommended in the debate on green growth as market based instruments to curb emissions [50] . In a setting where such a tax is imposed on a product that is (also) an input to the production of other goods and services, the tax will have an impact on all prices in the economy. The direction and magnitude of that impact depends on the input-output relationships in the economy and can therefore not be ascertained a priori. Put differently, relative prices may change throughout the economy, but it will not be possible to say whether the price of the taxed good will increase or decrease relative to other prices. Since a change in relative prices affects measured GDP through the valuation of the basket of products, it is a distinct possibility (although one that needs to be explored empirically based on real input-output relationships) that green policies initially exert a negative impact on measured GDP. Of course, in a partial analysis, the effect of introducing a tax is unequivocal. It will always increase the price with the magnitude depending on the elasticities of supply and demand.
Measured GDP may also change if the other two approaches alluded to above are used, but again the direction of change remains unclear. After all, the net effect of adding or subtracting items to or from GDP does not appear unequivocal either, nor does the net effect of shuffling items from the input to the output side and vice versa, not least because it is debatable what should be counted in the first place. However, assuming that, on balance, undervalued resources or inputs pose a greater problem than undervalued outputs, a more accurate valuation is likely to decrease GDP. There is thus a potential trade-off between measuring growth correctly and achieving higher nominal growth.
Green Growth as Measurement Issue
No matter how green growth is defined in the end, progress towards green growth needs to be measured by means of suitable indicators in order to:
• ascertain that policy objectives are reached and that the need for further action is clearly identified (monitoring and benchmarking), • ensure that efficient policy instruments are used (or at least in order to verify the efficiency of instruments ex post) while identifying possible trade-offs between objectives (analysis), • help to communicate results to policy makers and the wider public [51] .
By suitability, it is meant that such indicators are policy relevant, analytically sound, measurable, and useful for communication [2] .
The discussion in the previous sections indicates that the conceptualization of green growth has a fundamental impact on its measurement and the concomitant choice of indicators for both the green and the growth parts of green growth. After all, our understanding of green growth determines what is supposed to be measured in the first place. On top of that, there is the issue of whether and to what extent different (sub-) measures are to be integrated into one or several composite indicators. Then there is the issue of spatial aggregation and disaggregation, which changes fundamentally as we move from one sphere to another. Last but not least, measurement may focus on policy instruments, intermediate results or final outcomes depending on the various stages of the policy making process [6] , and all endpoints so understood have pros and cons. Each of these issues will be discussed briefly in the following paragraphs.
What Is to Be Measured?
A more comprehensive approach towards green growth makes it necessary to measure more things in both qualitative and quantitative terms. If not only local emissions are to be reduced, for instance, but also resource use more broadly understood, then this is what needs to be monitored as well. Further, if on top of reducing local emissions and resource use, planetary boundaries are to be respected, then these too need to be measured. Moreover, as environmental problems evolve from being local (and localized) phenomena to being global phenomena such as climate change or oceanic acidification, their spatial dimension needs to be taken into account, in particular if the environmental phenomenon at issue is not uniform across space and time so that only few measuring points suffice to give a clear picture.
By and large, the same considerations apply to the growth component of green growth. Any conceptualisation of growth that goes beyond GDP implies that more features of the socio-economic environment need to be measured. For instance, if not only average income or GDP is to be considered but also the distribution of income, then a measure of inequality is necessary. One well-known measure would be the Gini index, but there are also others such as the Theil index, the Palma ratio, or the Hoover index. The Gini coefficient is defined mathematically based on the Lorenz curve, which plots the proportion of the total income of the population (y axis) that is cumulatively earned by the bottom x% of the population. The Theil index measures an entropic 'distance' the population is away from the egalitarian state of everyone having the same income. The Palma ratio is defined as the ratio of the richest 10% of the population's share of gross national income divided by the poorest 40%'s share [52] . The Hoover index is the proportion of all income that would have to be redistributed to achieve a state of perfect equality. See [53] for an overview of inequality measures. Each of these indices has not only methodological pros and cons, but their interpretation is also not always straightforward and therefore may pose problems in a political context where difficult concepts cannot easily be communicated to a non-specialist audience.
Another consideration to be addressed is to what extent indicators are supposed to link both the green and the growth sides. In other words, to what extent are indicators used that combine measures of greenness (such as resource use or measures of environmental impacts) with measures of growth (such as GDP-growth) into a single indicator such as resource efficiency, as discussed in [15] .
Integration of Measures?
Methodologically, measuring progress towards a multidimensional phenomenon such as green growth can follow two distinct strategies. The first strategy uses a set of meaningful and sufficiently robust indicators to measure the different dimensions of green growth but does not seek to amalgamate these indicators into a single measure or composite indicator. This is the approach the OECD has been following so far [16] . The second strategy aims at precisely that; by combining various indicators into one composite indicator, the information provided by different indicators is amalgamated into, and thus summarized by, a single figure. Since these two strategies consist of distinct alternatives, their pros and cons essentially mirror each other.
Accordingly, composite indicators [54] :
• Can summarise complex, multi-dimensional realities with a view to supporting decision-makers.
• Are easier to interpret than a battery of many separate indicators.
On the other hand, composite indicators:
• May send misleading policy messages if poorly constructed or misinterpreted.
•
May invite simplistic policy conclusions.
The selection of indicators and weights could be the subject of political dispute.
Moreover, as long as there is no consensus on an analytical framework or a set of indicators to monitor green growth [51] , any composite indicator is likely to exhibit a considerable degree of instability, which has to be weighed against possible advantages. Behind these considerations lurks a dilemma, which is difficult to resolve. If the constituent parts of a composite indicator tend to point in the same direction (if their correlation is positive and high), then assigning weights is unlikely to be contested since the choice of specific weights does not change outcomes by much. By contrast, if the constituent parts of a composite indicator point in different directions, i.e., if they convey conflicting messages, then a consensus on weights is less likely to emerge.
At the end of the day, the choice of a strategy and, in particular, the move towards a composite indicator of green growth may be driven more by the extent to which a green growth agenda has gained political traction and less by the specific methodological arguments underpinning that choice. After all, the shortcomings of GDP have been well known for decades among both economists and policy makers. However, this has prevented neither group from according GDP centre stage in both economic analysis and policy formulation, and there are few signs to indicate that this will change any time soon.
Endpoints or Intermediate Objectives
When measuring progress towards green growth, it is natural to assume that the focus should be on the objectives that are to be reached by a green growth strategy. Thus, depending on the conceptualisation of green, measurement should focus on emission levels, resource use, or planetary boundaries together with the chosen conceptualisation of growth. While this makes sense in the light of some of the objectives of measurement highlighted above, it does by no means make sense for all of them. This has to do with the fact that the purpose of measurement may also be to assess the effectiveness of policy measures or even their efficiency. For this reason, it may not be the best option to resort to an indicator that is relatively distant from the policies that are to be assessed. After all, there may be plenty of intervening variables that disturb any straightforward statistical relationship between policies and objectives.
Consider, for example, policies that aim at lowering emissions via increasing energy efficiency by promoting R&D. Such policies may be based on the following causal chain. This is an adaptation of the linear model of innovation, which emphasizes scientific research as the basis of innovation. See [55] :
Political change/market opportunity → Additional spending on R&D → More researchers → More basic research → More applied research and development → Production and diffusions of more efficient products → Higher rate of efficiency improvements → Lower energy use.
While this causal chain is by no means exhaustive or singular, two observations come to mind. First, the causal chain presupposes that innovation is by and large science driven rather than consumer/user driven, as argued by von Hippel [56] . Second, at any of the links in the chain, one or several factors may intervene that undermine the propagation of the initial effect, be it because actors do not respond as expected or because some crucial state variables upon which the effectiveness of policy measures depends are not under the control of policy makers. See Table 1 for some examples. In the end, it can by no means be taken for granted that the expected effects will invariably occur. Third and most importantly, at least some of the possible effects would actually run counter to the objectives of the policy measure, be it directly or indirectly, thereby undermining these policies at least partially. With regard to the issue of measurement, the above discussion suggests that an indicator such as energy efficiency, which figures prominently among the indicators featured by the OECD for instance, is likely to give a misleading signal, in particular if efficiency is calculated at the product category level and thus from a technical perspective. While it may still respond as expected to R&D policies, the (downstream) link with actual energy use appears less straightforward. At issue here is the extent to which rebound effects occur [37, [57] [58] [59] . Rebound effects are defined as the difference in percentage terms between the initial (technical) efficiency improvement predicted by an engineering model and the actual (realised) reduction in, say, fuel consumption. Thus if the fuel efficiency of cars increases by 10% while fuel consumption decreases by only 5%, then the rebound effect would be 50%.
There are a number of mechanisms through which rebound effects may occur, but the initial effect is usually the reduction of the cost of energy services caused by an efficiency improvement [60] . Thus, to further exploit the above example, greater fuel efficiency reduces the costs of driving a car. As a consequence, people may drive more often or longer distances (direct rebound effects-income). However, people may also switch from public transport to using their own car (direct rebound effects-substitution). In addition to these direct rebound effects, there are also indirect rebound effects. Indirect rebound effects include the embodied energy, i.e., the energy that is required to achieve the efficiency improvement, and secondary effects. The latter denote the possibility that consumers use some of the saved fuel costs for other (equally energy intensive) goods and services. In addition, there is the possibility that greater energy efficiency may foster overall productivity growth, thereby boosting further economic expansion and, as a consequence, the increased consumption of goods and services. Rebound effects are therefore a key intervening variable between, on the one hand, policies that seek to achieve efficiency improvements at the product and service levels and any macro-level measure of efficiency on the other.
Estimates of the size of rebound effects differ considerably depending on the investigated type of good and service and on the used methodology, reaching from a few percent to 100%, e.g., for lighting [61] . It goes beyond the scope and the objectives of the present paper to review the extensive literature on rebound effects and their estimation. Suffice it to note that there is a considerable contrast between the (potential) role of rebound effects and their respective ignorance in the current debate on green growth and climate policies more broadly. While such agnosticism would be justified had there been a consensus that rebound effects are negligible, it becomes problematic in the absence of strong countervailing evidence for countries as diverse as China, the US, and the UK and estimates ranging from 12% (UK) to a staggering 208% (China) [62] .
In the light of these considerations, measuring progress towards green growth needs to take into account a measure of rebound effects. In the absence of such a measure, neither the effectiveness of policy measures with a view to achieve efficiency improvements via R&D nor possible reasons for insufficient progress towards green growth can be elucidated.
Green Growth as a Governance Problem
Transforming traditional economic growth into green growth is not only a technological problem. It is also a governance problem in the sense that it requires appropriate governance mechanisms and institutional settings that enable societies to weigh scientific evidence and degrees of uncertainty with an assessment of the risks to be taken and the costs to be endured and to negotiate on this basis societal objectives and policy instruments in a comprehensive and consistent manner [29] .
Empirically, environmental governance is characterised on a global scale by international treaties and on a local (i.e., mostly national) scale by predominantly regulatory approaches [63] with economic instruments such as emission trading still being the exception rather than the rule. Both governance types are based on incremental change rather than a comprehensive transformative change, and both have been increasingly criticised as inefficient and ineffective [64] . For instance, it usually takes a considerable amount of time to negotiate international treaties, and once an agreement has been forged, it often falls short of what is scientifically required while compliance and enforcement still remain insufficient. The Kyoto Protocol is a case in point in that its design (unlike that of the Montreal Protocol) failed to enforce targets and timetables, suggesting that in the future more than one treaty and more than one treaty design may be required to address GHG emissions successfully [65] .
Regulatory approaches, on the other hand, often suffer from regulatory capture by various lobbies [66, 67] and are generally re-active rather than pro-active. Action is only taken once some (visible) damage has occurred and political pressure has risen sufficiently. Moreover, regulatory approaches may be effective but still economically inefficient. Obviously, therefore, a successful green growth agenda has to improve on these accounts, considering that, as societies move towards a more comprehensive sphere of greenness and growth, incremental change falls increasingly short of what is required and must be superseded by a deep transformation.
To investigate the matter further, note first that, conceptually, environmental problems stemming from economic activity are often seen to be caused by basically two kinds of market failures; positive and negative externalities on the one hand and common pool resources (which may face congestion problems) and public goods (which do not) on the other. Correspondingly, the suggested policy response to the first type of market failure has been to correct prices by introducing a Pigouvian tax or some such, while the response to the second kind of market failure has traditionally been either government provision or at least government regulation and control (whether policy makers have followed this advice is, of course, a different matter).
A link between both categories of market failure is provided by the claim that these categories of environmental problems are routed in either unspecified or at least insufficiently specified property rights. Concomitantly, if these property rights were fully specified and if market participants could exchange resources freely, then an efficient allocation would emerge [68, 69] and no further government intervention beyond the protection of property rights would be required.
Far from embracing fully its implications, Coase's critique of traditional welfare economics has become one of cornerstones of new institutional economics and its emphasis on environmental problems as instances of interdependence and the acknowledgement of positive transaction costs [70] . More specifically, 'environmental governance is understood as the resolution of conflicts over environmental resources through the establishment, reaffirmation and change of institutional arrangements' [71] , thereby going beyond the mere determination, affirmation, and protection of property rights. On the contrary, institutional economists have identified a multitude of institutional settings and governance solutions in response to different kinds of environmental and resource allocation problems [72] . Against this background, they argue that '[I]nstitutional change and choice are becoming increasingly critical for environmental governance as industrialisation and commercialisation of the use of environmental resources have reached a global scale and have presented new governance challenges beyond the experience of governments' [70] .
An important strand of this literature deals with Multi Level Environmental Governance (MLEG). MLEG encompasses those environmental governance solutions that involve at least two levels of decision-making [73] . Another useful distinction can be made between general-purpose, non-intersecting, and durable jurisdictions and task-specific, intersecting, and flexible jurisdictions [74] . In the following, the reasons for the emergence of MLEG will briefly be reviewed. On this basis, it will then be argued that a green growth strategy necessitates paying close attention to the institutional setting in which this strategy is to be embedded but in particular to the features highlighted by the MLEG approach.
To begin with, note that there are at least four economic reasons for Multi-Level Environmental Governance (MLEG) solutions [73] . As will be argued, a green growth strategy will be confronted with, and therefore has to address, all four reasons for MLEG; the more it does so, the more encompassing both content-wise and geographically such a strategy becomes.
Collective Action
Global boundaries and many issues of resource use and conservation constitute, in essence, problems that span a multitude of jurisdictions. Given the large number of actors, freeriding is likely to occur [75] . A possible solution to this problem consists of creating a supra-national governance level that is vested with certain decision-making powers and that takes decisions following pre-specified procedures and mechanisms. Collective action is further facilitated in such a setting if the number of actors is reduced through representation and/or majority voting, which reduces the power of actors to veto decisions. The EU is an obvious example for such a supra-national governance solution. However, limited progress with respect to climate protection demonstrates that, in general, supra-national arrangements are still struggling to make a dent. A global green growth strategy is therefore unlikely to succeed unless governance solutions are found that help to overcome obstruction and freeriding and that allow effective decisions to be made within an appropriate time frame.
Governance Costs
The diverse nature of the environmental problems highlighted in the context of a green growth agenda, ranging from land-use patterns in some regions to global emissions, suggest that a single level of implementation is neither feasible nor optimal. The EU is (again) a case in point in that environmental legislation in many areas (but not all) resides at the Union level but its implementation falls under the responsibility of member states and the competent authorities therein. This suggests that, depending on the specific governance functions required, 'a multi-level governance solution may minimize governance costs if and when governance functions have different optimal scales of implementation' [73] . However, while such a recommendation appears straightforward provided that environmental issues and government functions correspond to a large extent, it is less evident in the case of multi-functional resources (see below), for which it is not manifest that decision making (one government function) resides naturally with a specific governance level and enforcement (or implementation) with another. This being said, governance costs (including the costs of inaction or delayed action) may still provide a strong argument for looking for more formalised and institutionalised decision-making procedures at the supra-national level with a view to replace the current mode of governing global challenges by means of a series of international conferences, the results of which often fall short of expectations.
Path Dependence
Path dependence may be due to large set-up costs, learning and coordination effects, or adaptive expectations. If it occurs, path dependence has essentially two possible implications. On the downside, path dependence is often held responsible for institutional lock-in and thereby the maintenance of ineffective or at least inefficient solutions, e.g., the choice of regulation over more market based approaches such as emission trading. On the upside, path dependence allows for the possibility to provide additional governance functions at relatively low costs given that the overhead remains largely fixed. Irrespective of whether one or the other argument prevails, they both account for the fact that (existing) central and local governments are usually the default players when it comes to addressing environmental issues. However, in a situation where environmental issues have undergone not only quantitative but also qualitative changes, existing institutional settings may no longer be adequate for the purpose at hand and hence impede the required changes.
Multi-Functionality
Multi-functionality refers to the possible multiple use of natural resources such as forests and watercourses [73] . The concept is thus akin to the notion of characteristics introduced by Lancaster [76] , which sees goods as having a multitude of attributes. Ecosystem services that benefit humans include, for example, of the recycling of nutrients, regulation of run-off and river discharge, coastal protection, and carbon sequestration [77] . What makes such multi-functionalities special from a governance point of view is that their respective beneficiaries may be spatially and temporally quite diverse. In other words, who benefits when and to what extent from a specific service may differ widely for any specific resource. In addition, the interests of different beneficiaries may not coincide, as is obvious in the case of a tropical forest, which may provide timber, help to sequester carbon, or store water but not simultaneously to the same degree and at the same time. The governance of the provisioning of a multitude of ecosystem services from multi-functional resources can therefore arguably most effectively be arranged by using many spatially divergent solutions [73] .
All in all, the above considerations suggest that green growth may not be feasible without appropriate (and therefore possibly new) institutional settings and solutions. Achieving green growth is, from this perspective, not just a matter of finding the right policy instruments, but also of designing and implementing governance solutions that enable societies to identify, decide on, and carry out policies. What is more, there is an intimate link between governance and policy instruments in the sense that, in some cases, the governance solution is already (a significant part of) the solution to the environmental problem (for example when a natural resource is nationalised and its exploitation is managed by the public administration according to some predefined principles and rules), while in others the governance solution is only the precondition for choosing and implementing a policy instrument (for example an emission trading system), which, for its functioning, depends on other actors and or complementary private institutions and bodies such as (in the case of the emission trading system in Europe) the European Climate Exchange (ECX) in London or the European Energy Exchange (EEX) in Leipzig.
This issue is further compounded if (and to the extent that) economic growth is not exclusively assessed in terms of GDP but complemented, corrected, or even (partially) replaced by something else. Doing so does not only raise a host of conceptual and measurement issues, it also means that policy instruments (and possibly the governance solutions that these instruments require) need to be adapted. Consider by way of example the possible distributional effects of a green growth strategy. Not only is it necessary to measure these effects (and therefore to agree on a methodology), society must also decide on its distributional objective function and the policy instruments that help to achieve these objectives, none of which is straightforward.
Conclusions
The purpose of this paper was to shed some light on the notion of green growth, its two conceptual components ('green' and 'growth'), and the possible interrelationships between both. In doing so, the paper seeks to explore the implications of possible (and plausible) ways to understand green growth for research, measurement and, ultimately, governance and policy making. Categorising green growth following possible understandings of its components indicates that any choice in this regard has profound implications for the respective interlinkages between green and growth, the way both concepts are measured, and its governance. This paper constitutes a first attempt at identifying some of the more salient problems in this regard but clearly cannot do so exhaustively.
What it does suggest though is that a green growth policy agenda cannot be confined to the identification of a set of suitable policy instruments, as this would only be the second step after first choosing among possible ways to conceptualise green growth. Having done that though, the choice of policy instruments is then intimately interwoven with the choice of indicators to assess the state of affairs and measure progress and with the choice of appropriate governance solutions, which in part shape already the choice of policy options while in part being necessary to implement whatever instrument is chosen. Evidently, this task becomes all the more challenging as the traditional domains and objectives of environmental policies are being superseded by the need to ensure compliance with global environmental boundaries, which almost by definition defy traditional geographical and political frontiers.
Moreover, the expectation entertained by many policy makers that green growth could become the magic bullet that allows mankind to continue on its growth path without major restraints on the magnitude and composition of economic growth may still not be unfounded. However, in order to become reality, challenges must be overcome, which the discourse on green growth is only beginning to grasp. Thus, rather than offering a ready-made solution, green growth has to be seen as a way to phrase the problem.
